Introduction
============

Chronic obstructive pulmonary disease (COPD) is the third leading cause of death worldwide.[@b1-copd-12-717] COPD is characterized by chronic airway inflammation and irreversible airflow obstruction, which could result from abnormal airway tissue injury and remodeling. In this regard, the balance between extracellular matrix production and its destruction may be important in determining the outcomes of tissue repair. In particular, balanced and sufficient airway tissue repair is required to restore architectural integrity and normal function of airflow following injury. Insufficient repair may lead to emphysema and, in contrast, excessive repair or remodeling may lead to lung fibrosis.[@b2-copd-12-717]

Cigarette smoke contains over a 1,000 chemicals. COPD-like airway injury and remodeling are developed in the rodent animals, such as rat and mouse, when they are chronically exposed to cigarette smoke.[@b3-copd-12-717],[@b4-copd-12-717] One of the potential mechanisms of the cigarette smoke-induced COPD is that cigarette smoke leads to insufficient lung tissue repair through altering production of matrix metalloproteinases (MMPs) and their biological inhibitors, tissue inhibitors of MMPs (TIMPs).[@b5-copd-12-717] The MMPs are a large family of proteolytic enzymes[@b6-copd-12-717] that are produced by both inflammatory cells and lung structural cells, including epithelial cells and fibroblasts.[@b7-copd-12-717],[@b8-copd-12-717]

Currently, therapy of COPD and emphysema can partially alleviate symptoms, but has relatively little impact on the proteolytic destruction of lung structure.[@b2-copd-12-717] Novel therapeutic strategies that potentially block proteolytic tissue destruction, therefore, are of interest as possible approaches to alter the long-term natural history of COPD. In this regard, it has been reported that statins may be associated with reduced acute events and mortality of COPD.[@b9-copd-12-717],[@b10-copd-12-717]

Statins are a class of cholesterol-lowering drugs that inhibit 3-hydroxy-3-methylglutaryl co-enzyme A. Recently, it has been reported that statins have anti-inflammatory and antioxidant effects,[@b11-copd-12-717] an inhibitory effect on MMP release from macrophages, lung fibroblasts, and vascular cells,[@b7-copd-12-717],[@b12-copd-12-717],[@b13-copd-12-717] as well as in the animal model of COPD in response to cigarette smoke exposure (CSE).[@b5-copd-12-717] Through the effect on MMPs, statins may directly regulate balance of MMPs and their biological inhibitors, TIMPs, and thereby, may modify the alterations in lung structure that compromise lung function.

The current study was designed to extend previous studies of simvastatin regulation on chronic airway inflammation and lung structural alteration in response to CSE. To investigate this, rats were exposed to cigarette smoke for 4 months with or without simvastatin treatment. Animals were sacrificed and alteration of lung structure was assessed by mean linear intercept (MLI), mean alveolar number (MAN), and bronchial wall thickness and diameter (BWT/D). Total and differential inflammatory cell counts in bronchoalveolar lavage fluid (BALF) were performed. Expression of mRNA and protein level of MMP-8, MMP-9, MMP-12, TIMP-1, and TIMP-4 were carried out by real-time reverse transcription polymerase chain reaction (RT-PCR) and immunohistochemistry, respectively.

Materials and methods
=====================

Animals and CSE
---------------

Healthy male Sprague Dawley (SD) rats, 6 weeks old, body weight 110±20 g, were maintained in the animal facilities at the Hebei Medical University. Animals were accommodated for 1 week before the experiment. The study protocol was approved by The Institutional Animal Care and Use Committee, Hebei Medical University. All animal-handling procedures were performed according to the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health and followed the guidelines of the Animal Welfare Act. Animals were randomized into the following three groups: control group (ten rats), CSE group (ten rats), and CSE + simvastatin (CSE + S) group (ten rats). Rats in the groups of CSE only or CSE + S were exposed to cigarette smoke (Shijiazhuang Cigarette creating 8 mg tar, 0.8 mg nicotine, and 10 mg carbon monoxide) in a smoking device manufactured by Shijiazhuang Jinyang Science and Technology Inc. (model: JY-01, Shijiazhuang, People's Republic of China). Briefly, 20 cigarettes were burnt continuously and blown into a box together with oxygen, and animals were passively whole-body exposed to the cigarette smoke in the box for 1 hour each time, twice a day, 5 days a week for 16 weeks. Animals of CSE + S group were intra-gastrically administered simvastatin (MSD, Hangzhou, People's Republic of China) at a dose of 5 mg/kg/day, each day prior to the smoke exposure.[@b14-copd-12-717] The control rats were not treated with any reagent.

BALF collection and analysis
----------------------------

Animals were given an intraperitoneal injection of 10% chloral hydrate (3 mL/kg). After trachea intubation, animals were sacrificed by bleeding at femoral artery. Three lobes of right lung were snap-frozen with liquid nitrogen and one lobe of the right lung was fixed with formaldehyde. Bronchoalveolar lavage was performed on the left lung, using a three-in/three-out pattern of main bronchial instillation and collection 3 mL saline (70%--80% recovery).

The total cell number in the BALF was counted with an erythrocytometer. The rest of BALF specimens were centrifuged at 1,000 rpm ×10 minutes. Pelleted cells were resuspended with phosphate-buffered saline, and differentially counted by Wright--Giemsa staining. A total of 200 leukocytes was counted in each BALF sample, and the percentage of macrophage, neutrophil, and lymphocyte was calculated.

Histological examination
------------------------

Air in the alveolar spaces was aspirated with a syringe before injecting 10% formalin in order to avoid alteration of lung structure. The fixed lung tissues were embedded in paraffin wax blocks and cut for hematoxylin and eosin staining. The hematoxylin and eosin stained slides were photographed under a light microscope (Olympus Corporation, Tokyo, Japan). Morphology of the lung tissue was observed and MLI was obtained by the following method. Cross lines were drawn in a field and the total number of alveolar septa at the intersection point of the two lines was counted. The total length of the cross lines divided by the number of intercepts gives the MLI for the region studied, that is, MLI = total length/number of alveolar septa. MLI indicates the average size of alveoli.

MAN was determined by the alveolar number per square millimeter under microscope, that is, MAN = alveolar number/square millimeter. MAN is a parameter for density of alveoli.

BWT/D was obtained by measuring the bronchi with \<100 μm circumference in size. At least eight bronchi were measured and the average of the ratio of wall thickness over diameter was calculated.

Immunohistochemistry
--------------------

Expression of MMP-8, MMP-9, MMP-12, TIMP-1, and TIMP-4 in rat lung was assessed by immunohistochemistry. Briefly, paraffin embedded lung tissue slice was deparaffinized and rehydrated. Antigen was retrieved using sodium citrate and with heat-induced retrieval. After blocking with goat serum, antiMMPs or TIMPs antibodies at 1:200 dilution (all antibodies were purchased from Abcam, Shanghai, People's Republic of China -- antiMMP-8 antibody: ab81286; antiM-MP-9 antibody: ab76003; antiMMP-12 antibody: ab66157; antiTIMP-1 antibody: ab16412; antiTIMP-4 antibody: ab58425) were applied overnight at 4°C. After horseradish peroxidase-conjugated second antibody was applied, expression of MMPs and TIMPs was visualized using a DAB detection kit. Images of MMP-8, MMP-9, MMP-12, TIMP-1, and TIMP-4 were obtained and photographed under microscope (Olympus Corporation).

Real-time RT-PCR
----------------

Total RNA was extracted from the snap-frozen rat lung tissues with Trizol reagent (SBS Genetech, Shanghai, People's Republic of China) following the manufacturer's instruction. After RNA quantification with ND-1000 spectrophotometer (NanoDrop, USA), 1 μg total RNA was used for reverse transcription using high capacity reverse transcription kit (Baosheng Bio, Dalian, People's Republic of China). Quantitative real-time PCR was performed using primers/probe and reaction reagents, 7500 Gene Detection System (Applied Biosystem by Life Technology, Grand Island, NY, USA). β-Actin was used as internal control. Data were expressed as fold change versus control, using 2^(−ΔΔCt)^ method.

Statistical analysis
--------------------

All data were analyzed by SPSS 13.0 statistical software, and presented as mean ± standard deviation. One-way analysis of variance was used for comparison of multiple groups, and Dunnett's test was used for comparison of paired groups. It was considered statistically significant when *P*\<0.05.

Results
=======

General observation
-------------------

There were no differences in hair appearance, diet, activity, and reaction to surrounding environment before the experiment. At the early stage of the experiment, animals were in manic anxiety when they were exposed to cigarette smoke. At the late stage of the experiment, animals in the CSE and CSE + S groups were less active, with shriveled hair, yellow teeth, and slow reaction and movement. No animal died during the CSE.

Body weight alteration
----------------------

There was no difference in baseline body weight among the three groups (*P*\>0.05). After 16 weeks of smoke exposure, however, body weight was significantly reduced in the CSE and CSE + S groups compared to the control rats (445±12 of CSE only, 446±23 of CSE + S group vs 503±15 g of control, *P*\<0.01). Simvastatin could not prevent smoke-induced weight loss (*P*\>0.05 compared to control group).

Histopathological alteration
----------------------------

MLI and BWT/D were significantly increased in the CSE group compared to that in control group (MLI: 34.6±2.0 of CSE vs 24.0±1.7 μm of control; BWT/D: 0.250±0.062 of CSE vs 0.160±0.034 of control, *P*\<0.01). In contrast, MAN was significantly decreased in the CSE group than that in the control group (13.5±2.0 of CSE vs 21.5±2.0 N/μm^2^ of control, *P*\<0.01). Simvastatin slightly but not significantly blocked alteration of MLI, BWT/D, and MAN in response to cigarette smoke stimulation (MLI: 33.4±1.4 μm; BWT/D: 0.220±0.052; MAN: 15.5±2.5 N/μm^2^, *P*\>0.05, [Figure 1](#f1-copd-12-717){ref-type="fig"}).

BALF total and differential cell count
--------------------------------------

There was no difference in BALF recovery volume among control, CSE, and CSE + S groups (*P*\>0.05). As expected, the number of total white blood cells was significantly increased in the BALF of smoking group (3.3±2.5×10^9^ cells/L vs 1.1±1.3×10^9^ cells/L of control, *P*\<0.01), and it was significantly reduced in the rats treated with simvastatin (2.3±2.1×10^9^ cells/L, *P*\<0.01, [Figure 2A](#f2-copd-12-717){ref-type="fig"}). Moreover, differential count of neutrophils, macrophages, and lymphocytes showed that CSE resulted in significantly increased accumulation of neutrophils and macrophages (neutrophils: 14.5%±1.3% of CSE group vs 9.1%±1.5% of control; macrophage: 91%±3% of CSE group vs 87%±2% of control, *P*\<0.05) but with a decrease in lymphocytes in the bronchial alveolar lavage (7.0%±2.9% of CSE group vs 9.3%±1.2% of control, *P*\<0.01). Simvastatin significantly reduced neutrophils (12.9%±2.0%, *P*\<0.05) in the BALF, but had no effect on macrophage (89%±1.6%) or lymphocytes (6.4%±2.3%, [Figure 2B](#f2-copd-12-717){ref-type="fig"}).

Comparison of mRNA and protein of MMP-8, MMP-9, MMP-12, TIMP-1, and TIMP-4
--------------------------------------------------------------------------

Expression of MMP-8, MMP-9, MMP-12, TIMP-1, and TIMP-4 mRNA was significantly upregulated in the CSE group compared to that in control group (*P*\<0.01). Simvastatin significantly blocked upregulation of MMP-8 and -9 in response to CSE (*P*\<0.01), but had no effect on MMP-12, TIMP-1, and TIMP-4 mRNA (*P*\>0.05, [Figure 3](#f3-copd-12-717){ref-type="fig"}). Consistent with the effect on mRNA expression of MMPs and TIMPs, CSE resulted in a significant stimulation of MMP-8 and -9 protein synthesis ([Figure 4B and E](#f4-copd-12-717){ref-type="fig"}), but had no significant effect on MMP-12 ([Figure 4H](#f4-copd-12-717){ref-type="fig"}), TIMP-1 ([Figure 4K](#f4-copd-12-717){ref-type="fig"}), and TIMP-4 ([Figure 4N](#f4-copd-12-717){ref-type="fig"}) protein release. Simvastatin significantly blocked cigarette smoke-induced protein synthesis of MMP-8 ([Figure 4C](#f4-copd-12-717){ref-type="fig"}) and -9 ([Figure 4F](#f4-copd-12-717){ref-type="fig"}), but had no significant effect on MMP-12 ([Figure 4I](#f4-copd-12-717){ref-type="fig"}). Moreover, simvastatin significantly stimulated TIMP-1 ([Figure 4L](#f4-copd-12-717){ref-type="fig"}) and -4 ([Figure 4O](#f4-copd-12-717){ref-type="fig"}) protein synthesis even in the presence of cigarette smoke.

Discussion
==========

COPD is characterized by chronic airway inflammation and irreversible airway obstruction in response to irritant gas or particulates exposure.[@b15-copd-12-717] The current study demonstrated that simvastatin decreased accumulation of inflammatory cells in the airways of cigarette smoke-induced COPD rat models. Furthermore, simvastatin decreased upregulation of MMP-8 and -9, but had no effect on MMP-12, TIMP-1, and TIMP-4 mRNA and protein in the lung tissues of the rats exposed to cigarette smoke. However, simvastatin could not reverse or block the alteration of MLI, MAN, or BWT/D in response to cigarette smoke stimulation. These findings suggested that simvastatin may modulate airway inflammation and part of MMP (MMP-8 and -9) release.

Chronic airway inflammation is believed to play a major role in the development of COPD. Cigarette smoke contains more than a 1,000 chemicals that stimulate the airway cells to release inflammatory cytokines, such as interleukin (IL)-1β, -6 and -8,[@b16-copd-12-717]--[@b18-copd-12-717] and cause airway injury.[@b19-copd-12-717] Under the effect of these inflammatory cytokines, neutrophils and macrophages migrate to the site of injury and result in further tissue injury and remodeling. Consistent with this concept, the current study demonstrated that CSE in the rats resulted in accumulation of neutrophils and macrophages and that there is significant damage of alveolar structure (MLI increase and MAN decrease) and airway tissue remodeling (altered BWT/D).

Proteases have been believed to play a major role in the pathogenesis of COPD and emphysema. In this context, mice deficient in the macrophage elastase MMP-12 have been reported to be resistant to the development of cigarette smoke-induced emphysema;[@b20-copd-12-717] upregulation of MMP-9 in the lungs has also been reported to be associated with emphysema not only in experimental animal models[@b21-copd-12-717],[@b22-copd-12-717] but also clinical patients.[@b23-copd-12-717]

However, expression of MMPs in normal lung is very low or undetectable. In the presence of inflammation or irritants, including cigarette smoke, however, expression of MMPs is dramatically increased and readily detectable in a variety of lung diseases, including COPD and emphysema. In the cigarette smoke-induced COPD animal model, cigarette smoke may stimulate MMPs directly or indirectly through inflammatory cytokines, such as IL-1β and tumor necrosis factor-α. In this context, MMP-1 (collagenase 1) and -8 (collagenase 2) have been reported to be upregulated in COPD lungs and epithelial cells.[@b24-copd-12-717] Consistent with previous reports, the current study demonstrated that expression of MMP-8, -9, and -12 mRNA was significantly upregulated in the model of cigarette smoke-induced COPD. In addition, expression of TIMP-1 and -4 mRNA was also increased in the COPD model. However, the fold of TIMP-1 and -4 increase (two- to fivefold) was less than that of MMP-8, -9, and -12 (\>7-fold). Furthermore, simvastatin not only significantly blocked cigarette smoke-induced MMP-8 and -9 protein synthesis, but also significantly stimulated TIMP-1 and -4 protein synthesis in the presence of cigarette smoke, suggesting that imbalance of MMPs versus TIMPs may play a role in the pathogenesis of COPD and emphysema in response to CSE, and that simvastatin blocks development of COPD and emphysema, at least partially, through modulating protein synthesis of MMP-8, MMP-9, TIMP-1, and TIMP-4.

Statins were originally developed for their cholesterol-lowering properties and efficacy in the cardiovascular disease. However, previous studies indicated that statins not only have an effect of immunomodulation, antioxidant, antithormbogenic and vascular actions,[@b25-copd-12-717],[@b26-copd-12-717] but also decrease the expression of MMPs in vascular cells and macrophages in vitro.[@b13-copd-12-717],[@b27-copd-12-717] Consistent with this effect on MMPs, statins have been reported to inhibit the development of emphysema in experimental animal models. In this regard, Lee et al[@b28-copd-12-717] found that simvastatin inhibited lung parenchymal destruction and MMP-9 expression in a rat model of cigarette smoking-induced emphysema. Moreover, in a mouse model of elastase-induced emphysema, it had been reported that simvastatin reduced mRNA expression for tumor necrosis factor-α and MMP-12 in the whole lung.[@b29-copd-12-717] The current study extends these observations and further demonstrated that simvastatin significantly decreased alveolar accumulation of neutrophils and expression of MMP-8 and -9 in the whole lung. However, cigarette smoke had no significant effect on MMP-12 protein synthesis and simvastatin could not significantly decrease MMP-12 expression in response to CSE. Moreover, simvastatin had no effect on alteration of MLI, MAN, and BWT/D, suggesting simvastatin could significantly inhibit airway inflammation and MMP-8 and -9 release, but may not block proteinase-induced alteration of lung structures, and, thus, may have no direct effect on tissue repair and remodeling.

Taken together, the current study demonstrates that simvastatin can inhibit accumulation of neutrophils in the airways, and decrease mRNA expression and protein synthesis of MMP-8 and -9 in rat lungs in response to CSE. Simvastatin, however, has no significant effect on lung tissue repair and remodeling.
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![Histological parameters of emphysema model.\
**Notes:** Paraffin embedded lung tissue slides were stained with hematoxylin and eosin. (**A**) MLI, (**B**) MAN, and (**C**) BWT/D. \*\**P*\<0.01 compared to control group.\
**Abbreviations:** BWT/D, bronchial wall thickness over diameter; CSE, cigarette smoke exposure group; MLI, mean linear intercept; MAN, mean alveolar number; S, simvastatin.](copd-12-717Fig1){#f1-copd-12-717}

![BALF cell count\
**Notes:** (**A**) Total cell number in the three groups. Vertical axis: total cell number; horizontal axis: treatment groups. (**B**) Differential cell count. Vertical axis: percent of each cell type (%); horizontal axis: cell types. \**P*\<0.05.\
**Abbreviations:** BALF, bronchial alveolar lavage fluid; CSE, cigarette smoke exposure group; WBC, white blood cell; S, simvastatin.](copd-12-717Fig2){#f2-copd-12-717}

![Expression of MMP-8, MMP-9, MMP-12, TIMP-1, and TIMP-4 mRNA.\
**Notes:** Total RNA was extracted and real-time quantitative RT-PCR was performed. (**A**) Expression of MMP-8, -9, and MMP-12 mRNA. (**B**) Expression of TIMP-1 and -4 mRNA. Vertical axis: mRNA expression presented as "fold change versus control;" horizontal axis: MMP or TIMP. \**P*\<0.05.\
**Abbreviations:** CSE, cigarette smoke exposure group; mRNA, messenger RNA; MMP, matrix metalloproteinase; TIMP, tissue inhibitor of MMP; S, simvastatin; RT-PCR, reverse transcription polymerase chain reaction.](copd-12-717Fig3){#f3-copd-12-717}

![Effect of simvastatin on protein synthesis of MMPs and TIMPs.\
**Notes:** Lung tissue section was immunostained for MMP-8, MMP-9, MMP-12, TIMP-1, and TIMP-4. (**A**--**C**) MMP-8; (**D**--**F**) MMP-9; (**G**--**I**) MMP-12; (**J**--**L**) TIMP-1; and (**M**--**O**) TIMP-4. (**A**, **D**, **G**, **J**, **M**) Control animal lungs; (**B**, **E**, **H**, **K**, **N**) cigarette smoke exposure animal lungs; and (**C**, **F**, **I**, **L**, **O**) animals exposed to cigarette smoke plus simvastatin treatment. Data presented were one representative image data. Magnification: 200×.\
**Abbreviations:** MMP, matrix metalloproteinase; TIMP, tissue inhibitor of MMP.](copd-12-717Fig4){#f4-copd-12-717}
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